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L-azetidine-2-carboxylic acid (LACA) was discovered in 1956 by 
Fowden. Since the discovery of LACA, many investigators have demonstra¬ 
ted its inhibitory effect on various organisms, while others have shown 
that LACA, an analog of proline, competes with proline for incorporation 
into collagen. 
Gross observations indicated that LACA suppresses the rate of 
regeneration. The LACA-treated larvae exhibited a lag of 4-5 days of 
regrowth in comparison to the controls. However, on the 15th day after 
amputation the effect of LACA began to wear off and the rate of regenera¬ 
tion proceeded at a close to normal pace. 
Histological examination of experimental tissue showed that LACA 
suppresses the progress of regeneration: the reformation of the basal 
lamina is inhibited in LACA-treated tissue. Due to this inhibition the 
formation of the blastema was delayed and subsequently all events there¬ 
after in the process of regeneration were suppressed. LACA-treated tis¬ 
sue stained by the Direct Silver Method denoting the Golgi area required 
iii 
72 hr to stain silver positive, as compared to 24 hr for the controls. 
This would indicate the decrease in the amount of activity in the Golgi 
areas. These findings suggested that LACA interferes with cellular 
activities during regeneration, and have been interpreted in terms of the 
normal synthesis and extrusion of collagen to form the basal lamina. 
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CHAPTER I 
INTRODUCTION 
L-azetidine-2-carboxylic acid (LACA), a cyclic amino acid, was 
discovered in the leaves of Convallaria majalis by Fowden in 1956. 
Since the discovery of this compound, there has been great interest as 
to its mode of action in various organisms. Investigators have shown 
that LACA exhibits an inhibitory effect in many organisms. Steward et al. 
(1958) demonstrated that LACA inhibits growth of carrot tissue cultures. 
When LACA was supplied to germinating seeds of different plant species, 
in which it does not normally occur, it produced marked growth inhibi¬ 
tion (Fowden, 1963). Fowden and Richmond (1963) observed similar growth 
inhibitory effects in cultures of Escherichia coli. 
In recent years it has been established that LACA, an analog of 
proline, exerts its effect by its incorporation into precursor polypep¬ 
tide chains of collagen (Takeuchi et al. 1969; Takeuchi and Prockop, 
1969). The resulting abnormal collagen is retained intracellularly and 
not extruded into the extracellular matrix of connective tissue (Coulombre 
and Coulombre, 1972). 
The present investigation was designed to study the effects of 
LACA on tail regeneration in amphibian larvae (Rana cl ami tans), since 
regeneration is a collagen requiring system. 
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CHAPTER II 
REVIEW OF LITERATURE 
Interest in L-azetidine-2-carboxylic acid (LACA) began with its 
discovery in the leaves of Convallaria majalis by Fowden in 1956. This 
naturally occurring nitrogenous compound was later demonstrated by 
Fowden and Steward (1957) to occur in plants that belong to the Li1iaceae 
and in some cases to the Agavaceae or to the Amaryllidaceae family. 
LACA may occur in all parts of a plant, as in Convallaria majalis, or 
its distribution may be restricted to certain plant organs, especially 
seeds. 
Steward et al. (1958) demonstrated that L-azetidine-2-carboxylic 
acid, an analog of proline (Fowden, 1956), inhibited growth of carrot 
tissue cultures. They established that LACA acted at the site of pro¬ 
tein synthesis, it is a competitive inhibitor for proline synthesis, and 
therefore cannot be directly used in protein synthesis. When LACA was 
supplied to germinating seeds of different plant species, in which it does 
not normally occur, it produced marked growth inhibition and was lethal 
at high concentrations (Fowden, 1963). Growth inhibition in cultures of 
Escherichia coli was observed immediately after the addition of LACA to 
the culture medium at a concentration of 100 yg/ml. No inhibition was 
observed when DL-proline (100 yg/ml) was added to the culture at the 
same time as the L-azetidine-2-carboxyl ic acid. The kinetics of the 
growth inhibition was reminiscent of the effects on growth of other 
analogs known to be incorporated into proteins. Therefore, during stud¬ 
ies on the incorporation of LACA, it was shown to replace nearly 50% of 
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proline residues when protein was synthesized in the presence of the 
analog (Fowden and Richmond, 1963). The behavior of LACA up to this time 
had been established as being attributed to its action as a proline 
analog. The replacement of proline by LACA was postulated as having an 
effect on the protein structure, resulting in the production of abnormal 
proteins having impaired biological activity. Continued work in this 
area came to substantiate these points. 
The effect of LACA under controlled in vitro conditions was done 
by Dancewicz and Altman (1967). They demonstrated that when 9-day-old 
granulomas were incubated with LACA-^C, the presence of ^C activity 
increased in the collagen fraction as a function of incubation time, and 
in the presence of LACA the incorporation of proline-14C into collagen 
was inhibited. These findings suggested that L-azetidine-2-carboxyl ic 
acid interfered with collagen synthesis per se rather than merely re¬ 
placing some of the proline residues. 
Takeuchi and Prockop (1969) demonstrated by the use of auto¬ 
radiography that LACA is incorporated into abnormal protocollagen and 
subsequently converted to an abnormal collagen. Tibiae removed from 
10-day-old chick embryos were incubated for 2 hr with the proline analog 
and the structurally unrelated amino acid lysine. LACA produced signifi¬ 
cant inhibition of the incorporation of ^C-proline to the extent that 
the results indicated more than just inhibition of proline synthesis. 
It was reported earlier that when embryonic cartilage was incubated with 
^C-prol ine one-half to two-thirds of ^C was recovered as ^C-proline 
and 14C-hydroxyproline (Cooper and Prockop, 1968). However, with LACA 
there was a decrease in the ratio of ^C-hydroxyproline to total ^C in 
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in the 10-day-old chick tissue. Incubation of the tissue for longer 
periods of time did not bring the ratio to total protein-bound to 
the levels of the controls. These results indicated that the substitution 
of LACA for proline decreased the hydroxylation of proline incorporated 
into protocollagen. 
A number of investigators have demonstrated that the hydroxyla¬ 
tion of the intracellular polypeptides into the extracellular matrix of 
connective tissue (Miller and Matukas, 1974; Salpeter, 1968; Weinstock 
and Leblond, 1974). The polypeptide precursors of collagen accumulated 
intracellularly and were subsequently converted to extracellular colla¬ 
gen when the inhibition of the hydroxylating reaction was released 
(Juva et al. 1966). 
Takeuchi et al.(1969) observed that the incorporation of the 
proline analog decreased the hydroxylation of lysine and proline in the 
protocollagen. They found that the abnormal collagens not only had a 
decreased content of hydroxyproline and hydroxylysine but a decreased 
content of glycosylated hydroxylysine, which again indicated that the 
abnormal collagen molecules were retained intracellularly. 
LACA was administered for a 15-day period to 8-day-old chicks in 
dosages of 375 or 500 pg/day. Lane et al. (1971a) observed that along 
with the arrest of collagen accumulation in 8-day-old chick embryos, 
there were morphological changes in the connective tissue of the embryos. 
Light microscopy showed a marked decrease in fibrils and electron micro¬ 
scopy a decrease in the amount of cross-striated collagen fibrils. Tis¬ 
sues from embryos treated with 500 pg per day showed essentially no 
cross-striated collagen fibrils. They suggested that the decrease in 
cross-striated fibrils was accounted for by the decreased collagen 
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content of the tissue. 
Aydelotte and Kochhar (1972) took limb-buds from 36-40 somite 
mouse embryos and cultured them in medium containing LACA. They ob¬ 
served that the growth of the entire limb-bud was inhibited, as compared 
to control cultures. Chondrogenesis was delayed; the cartilage which 
subsequently appeared, became swollen, soft and malformed, and histo¬ 
logically the matrix of the treated cartilage appeared almost unstained. 
When LACA-treated cultures were removed from the analog and placed in 
proline-rich medium, there was rapid recovery of the cartilage to normal 
within 48 hr. Growth and development of the limb-bud was normal when 
adequate L-proline was added to the medium along with the analog, or when 
D-azetidine was used as the control. 
Coulombre and Coulombre (1972) demonstrated, that after adminis¬ 
tering 0.5 mg LACA in 0.005 ml water into the chorioallantoic vein of 
chick embryos at 5 days, intracellular accumulation of collagen occurred 
15 min after injection of LACA; the Golgi apparatus located in the basal 
cytoplasm of the basal epithelial cells, became silver negative. At 16 
hr after LACA injection, the Golgi apparatus became silver positive. New 
collagen layers began to appear beneath the epithelium between 18-24 hr 
after injection. D-azetidine-2-carboxylic acid (DACA) treated animals 
developed normally. 
Gomot and Bride (1976) demonstrated the effect of LACA on the 
morphogenesis of embryonic duck preen gland in organ culture. Their 
paper presented a discussion on how LACA disrupted the differentiation 
of primary superficial invaginations. Electron micrographs showed that 
the basal membrane and associated extracellular materials were affected 
by treatment. There were interruptions in the continuity of the basal 
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membrane and a decrease in the extrusion of extracellular materials. 
Uitto and Prockop (1974) explained that the effect of the proline 
analog on collagen could be explained by the hypothesis that the presence 
of the analog in the polypeptide chains prevented them from assuming the 
normal triple-helical conformation of collagen and as a result the poly¬ 
peptides are degraded. This hypothesis was supported by the observations 
that the concentration of the effective analog which blocked the produc¬ 
tion of extracellular 14C-labeled protocol!agen, also decreased the 
amount of intracellular 14C-labeled protocollagen which was in a helical 
conformation, as judged by resistance to proteolytic digestion. Hydroxy- 
proline residues have been shown to play an important role in stabiliza¬ 
tion of the triple helix of the collagen molecule. Collagen deficient 
in hydroxyproline is not triple helical at 37C and is readily digested 
by proteases, while collagen containing normal amounts of hydroxyproline 
is triple helical at 37C and is resistant to proteolysis (Berg and 
prockop, 1973; Jimenez et al., 1973). 
Interference with normal collagen synthesis by L-azetidine-2- 
carboxylic acid has been substantiated by the above investigators and 
others (Rosenbloom and Prockop, 1970; Lane et al., 1971b; Kerwar et al., 
1975). There is substantial evidence that LACA reduces the synthesis 
and secretion of normal collagen. This analog may prove to be a useful 
tool for studying the synthesis and secretion of collagen, and more 
importantly its role in the organization of intercellular matrix. 
Due to the evidence that LACA inhibits normal collagen develop¬ 
ment, this compound was used to study its effect on regeneration. Regene 
ration may be defined as a phenomenon of growth and differentiation where 
by a lost or damaged body part is formed anew. The essential events in 
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the process of regeneration resemble those in embryonic development. 
Migration of epithelial cells to the wound area: a period of rapid 
division to form a mass of cells, and differentiation of this mass into 
particular components (Singer, 1973). 
"Collagen is capable of developing striking organization exter¬ 
nal to the cells that produce it" (Weiss, 1956). This protein plays 
an essential role in some types of tissue development, where it may act 
as a site for attachment of cells. In order for this interaction among 
cells to occur, they must be in contact with a suitable physical sub¬ 
stratum. This substratum has often been found to be the basal lamina, 
a structure composed mainly of collagen and other macromolecules. Cohen 
(1972) demonstrated that in the development of skin in chick embryos, 
attachment to a physical substratum is one permissive factor for mitosis 
and normal tissue development. 
An oriented lattice of collagen appears at the time when dermal 
cells are forming the early condensations of feather germs and when the 
feather pattern is being propagated, throughout the skin of chick embryos. 
The presence of this oriented lattice appears to be a necessary corre¬ 
late of feather development. Goetinck and Sekellick (1972), demonstrated 
that the steriod, cortisone interfered with collagen metabolism in the 
developing skin of chick embryos; the ordered pattern of feathers and 
scales did not form. Interference with collagen metabolism causes a 
disorientation of the mesenchyme cells along the tracks that connect 
prospective feather germs; the result was that mesenchyme cells did not 
elongate and became oriented at random. Therefore, no feather germs 
developed. When collagen metabolism was not interrupted, there was a 
high degree of orientation in the tracks of mesenchyme cells: the cells 
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were elongated throughout the tracks that direct the pattern of develop¬ 
ment. The investigators suggested that this high degree of orientation 
in the tracks was linked to propagation of the feather pattern. 
Hauschka and Konisberg (1966) found that collagen (derived from 
a conditioned medium) can stimulate fusion of prospective muscle cells, 
called myoblasts, into multi nucleated skeletal muscle myotubes. They 
demonstrated that fusion was facilitated by growring the single myoblasts 
on a collagen substratum. Since collagen fibers are present in other 
regions of embryos where skeletal muscle forms, they concluded that the 
extracellular collagen fibers may play a role in normal muscle develop¬ 
ment. 
Bernfield et al. (1973) demonstrated that in salivary gland 
morphogenesis, extracellular materials between tissue layers were essen¬ 
tial for this inductive process. Surface contact amidst a matrix-filled 
space appeared to mediate the interaction between the mesenchyme (which 
was essential for this pattern of morphogenesis) and epithelial tissues. 
The interface between mesenchyme and epithelium is a complex consisting 
of a basal lamina made up of collagen fibrils and mucopolysaccharides or 
glycosaminoglycans (GAG). Superficial to the lamina is a more diffuse 
region of extracellular matrix containing other GAG derivatives and 
additional collagens. 
Salivary gland rudiments when treated with trypsin or collagenase 
lose their surrounding mesenchyme and failed to form tubules. When these 
gland rudiments were placed in culture with fresh mesenchyme, lobules and 
clefts disappeared and the epithelium became smooth and sperical. Later 
it developed branches and resumed normal morphogenesis. Since the basal 
lamina is derived from the cells of the mesenchyme and epithelium, they 
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concluded that an intact layer of basal lamina and GAG sustained the 
branching morphology of the epithelium. 
Hay and Meier (1974) have speculated that the proteoglycan- 
collagen complex of the lens surface may act instructively during the 
initial interaction between lens and head ectoderm. They believed that 
the proteoglycan-collagen complex serves as a cue to head ectoderm to 
elict specific patterns of GAG and collagen production, so that the 
primary stromal components can begin to be made. 
Once a part of the body has been removed and stimulated to re¬ 
grow, as in regeneration, there must be interaction among cells for 
normal development; for normal development, the basal lamina formed 
from basal epidermal cells must be present. LACA has been demonstrated 
to have an inhibitory effect on the extrusion of collagen, in particular 
into the extracellular matrix. Therefore, an investigation was required 
to see what effect LACA would have on regeneration, a collagen requir¬ 
ing system. 
CHAPTER III 
MATERIALS AND METHODS 
Rana cl ami tans tadpoles obtained from NASCO Laboratories Fort 
Atkinson, Wisconsin, were used in this investigation. Upon arrival the 
tadpoles were placed in 10 gal aquaria and fed weekly with commercially 
prepared tadpole food obtained from NASCO. The tadpoles ranged in 
length from 5-10 cm. They were anesthetized in a 0.005% solution of 
Tricaine Methanesulfonate (MS 222) prior to amputation of a portion of 
the tail. 
L-azetidine-2-carboxylic acid (LACA) was purchased from Sigma 
Chemical Company (St. Louis, Missouri). The tail tip (1 cm) was ampu¬ 
tated from all tadpoles. Following amputation the organisms were placed 
in 8-inch finger bowls (2 tadpoles per bowl) containing 500 ml of aged 
water. The amputated area of the experimental tadpoles was swabbed with 
a 0.5% solution of LACA, five times during a 60 min period. The same 
amount of tail tip was removed from the controls and allowed regeneration 
without treatment. Tadpoles were sacrificed daily for 10 consecutive 
days after amputation, and on the 15th day and 20th day. 
This investigation was divided into 5 series, 4 were based on 
histochemical or histological observations. The tail tissue was removed 
from the sacrificed tadpoles and fixed according to the procedure for 
Harris' Hematoxylin and Eosin Y, Mallory's Triple, Alcian Blue and 
Chlorantine Fast Red, and Silver Impregnation for Golgi Apparatus. The 




The tissue was fixed in 10% buffered formalin for 24 hr, washed, 
dehydrated, cleared, infiltrated with paraplast, and longitudinal sec¬ 
tions were made at 8 or 9 y. The sections were stained with Harris' 
Hematoxylin and counterstained with Eosin Y, resulting in nuclei that 
are deep blue and cytoplasmic structures pink to rose. 
Series II 
Tissue was fixed in 10% buffered formalin for 24 hr, washed, 
dehydrated, cleared, infiltrated with paraplast, and longitudinal sec¬ 
tions were made at 8 or 9 y. The sections were stained with Mallory's 
triple connective tissue stain. The following patterns of staining 
resulted: nuclei (red), muscle and some cytoplasmic elements (red to 
orange), nervous system (lilac), collagen (dark blue), mucus, connective 
tissue (blue), and dense cellular tissue (pink with red nuclei). 
Series III 
Tissue was fixed in formalin-99% alcohol (1:9), dehydrated in 
1:1 ethanol and xylene, cleared, infiltrated with paraplast, and longi¬ 
tudinal sections were made at 8 or 9 y. The sections were stained with 
Alcian Blue and counterstained with Chlorantine Fast Red (Lison, 1954) 
for efficient differentiation of mucin from collagen. With this counter¬ 
stain, mucin stains bluish-green and collagen cherry red. Alcian Blue 
stains acid mucopolysaccharides (blue-green) and nuclei (red to bluish 
red). 
Series IV 
Tissue was immersed in silver nitrate in formalin (2 g/100 ml 
15% formalin) for 2 hr, rinsed in distilled water, developed for 2 hr 
in hydroquinone in formalin (2 g/100 ml 15% formalin), fixed overnight 
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in 10% formalin (not buffered formalin because it would limit the sol¬ 
ubility of the silver salts), washed, dehydrated, cleared, infiltrated 
with paraplast, and longitudinal sections were made at 8 or 9 y. The 
Direct Silver Method (Elfman, 1952) stained the Golgi (black). 
All staining periods were essentially those suggested by 
Humason (1972), in each of the above four series. Histological obser¬ 
vations were made and photomicrographs were taken of selected or repre¬ 
sentative sections using the American Optical Phasestar Microphotographie 
Assembly. 
Series V 
Gross observations of whole amphibian larvae tails were made 
on the above mentioned days after amputation. Photomicrographs were 
made of representative specimens showing the degree of regeneration with 
the Polaroid MP-3 Land camera. 
CHAPTER IV 
EXPERIMENTAL RESULTS 
The observations recorded here will include a description of 
gross and histological features of tail regeneration in Rana cl ami tans 
larvae following treatment with L-azetidine-2-carboxylic acid (LACA). 
Additionally, data from the application of the Silver Impregnation 
Method will be presented. 
Gross Features 
LACA-treated larvae 24 hr after amputation exhibited fragility 
in the tissue surrounding the wound area. This was evident from handling 
sections of the tail area for subsequent histological examination. The 
control tissue displayed no signs of tissue disruptions from handling. 
Wound closure generally occurred faster in the control larvae than in 
the expérimentais. Data from 250 amphibian larvae, of which 100 were 
controls and 150 were expérimentais, indicated that 88 of the controls 
(88%) at 48 hr showed wound closure, as compared to only 34 (23%) of the 
expérimentais (Table 1). The time of wound closure for the largest 
number of expérimentais was 72 hr (105/150 or 70%). 
The control larvae by the 5th day of regeneration showed 0.13 cm 
growth of the regenerate (Figs. 1,2) in comparison to only 0.07 cm in 
the expérimentais (Figs. 1-3). Figure 1 also shows that the control 
regenerated at a faster pace, being accelerated as early as day 3. The 
rate of regeneration in the LACA-treated larvae continues to lag behind 
the control for the next several days (Fig. 4). On the 8th day of re¬ 
generation there is an increase in the length of the experimental 
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Table 1. Incidence and percentage of wound closure during tail 
regeneration in Rana cl ami tans larvae. 
Group # Larvae Time in Hours 
24 48 72 96 
Control 100 5 (5%) 88 (88%) 7(7%) 0 
Experimental 150 0 34 (23%) 105(70%) 11 (7%) 
15 








Explanation of Figures 
. Photograph of a regenerated tail tip of 
showing the line of amputation (L), and 
growth (arrow). 
. Photograph of a regenerated tail tip of 
showing the line of amputation (L), and 
growth (arrow). 
5-day control larva 
the amount of re- 
5-day LACA-treated larva 
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regenerate, and it becomes more prominent on the 10th day (Fig. 5). 
The control (Fig. 6) has continued to regenerate (0.31 cm vs 0.26 cm) 
(Fig. 4) and the new growth can be distinguished by the lack of pig¬ 
mentation (when compared to the rest of the tail). 
LACA-treated larvae 15 days after amputation show very little 
difference in comparison to the control (Figs. 7,8). It appears that 
there is still a lag in the rate of regeneration in the experimental 
larvae. The amount of regrowth for the control and experimental is 
0.44 cm and 0.39, respectively (Fig. 9). This retardation in the rate 
of regrowth is still apparent by the 20th day of regeneration (Fig. 9). 
Measurements taken during this time show only 0.03 cm difference in the 
regrowth of the control (0.56 cm) as compared to the experimental (0.53 
cm). Never the less, one cannot tell the LACA-treated larvae (Fig. 11) 
from the control (Fig. 10). 
Histological Features 
The presence of a wound cavity is evident at 24 hr after ampu¬ 
tation. In the control (Fig. 12) the cells of the epithelium have begun 
to migrate over the wound area. Mallory's triple stain indicates that 
the muscle fibers of the proximal muscle bundles remain intact. Other 
components of the tail section, like the notochord cells, all appear 
unaltered. 
Experimental tissue (Fig. 13) taken 24 hr after amputation ex¬ 
hibits no indication of the migration of epidermal cells to the wound 
area, the 1st phase or step in the regenerating process. The LACA-treat¬ 
ed tissue appears fragile and there is a larger wound cavity. The large 
vacuolated notochord cells are separated from the notochord sheath; the 




. Photograph of a regenerated tail tip of 10-day LACA-treated 
larva showing the amount of regrowth (R), and the line of 
amputation (arrow). 
. Photograph of a regenerated tail tip of 10-day control larva 





































Fig. 12. Photomicrograph of a section of 24 hr control tissue showing 
the wound cavity (C), and the migration of epithelial cells (E), 
over the wound surface, Mallory's Triple. 10X. 
Fig. 13. Photomicrograph of a section of 24 hr LACA-treated tissue show¬ 
ing a large wound cavity (C), notochord cells (N), separated 
from the notochord sheath (S), and the loose organization of 
muscle fibers (M), Mallory's Triple. 10X. 
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of the control. 
The control tissue (Fig. 14) after 48 hr shows an accumulation 
of epidermal cells completely covering the wound area. The epithelium 
is well developed at this time and appears to be 3 to 4 cell layers 
thick. Wound healing in the experimental tissue has not been accomplish¬ 
ed within 48 hr after amputation (Fig. 15). Epidermal migration to the 
wound surface has occurred but there is only a thin layer of cells. The 
fragility of the LACA-treated tissue is still evident by the loose organi¬ 
zation of tissues in the wound area. 
Dedifferentiation is evident on the third day after amputation 
in the controls (Fig. 16). The tissues proximal to the wound area have 
under gone histolysis; this dissolution involves the different tissues 
to varying degrees. Muscle tissue, for example, lose its differentiated 
characteristics of striated fibers. Other structures like the basal 
lamina also disappear. Histolysis sweeps proximally in the amputated 
area and involves mostly connective tissue. The epidermis that formed 
over the amputated surface has thickened into an apical cap. LACA-treated 
tissue (Fig. 17) exhibits very little if any tissue disruption. Its 
appearance resembles that of 48 hr tissue even though, the tissue was 
taken from larvae 72 hr after amputation. The wound area is now closed, 
but there still exists only thin epithelium. 
The pronounced aggregation of cells which continued to form at 
day 5, taking on a cone shaped appearance, is now called the blastema 
(Fig. 18). The blastema has no special organization at this time. The 
re-appearance of the basal lamina in the regenerated portion of the tail 
is indicated by Alcian Blue staining. The progress of regeneration in 
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Fig. 14. Photomicrograph of a section of 48 hr control tissue showing 
wound healing by the accumulation of epidermal cells (E) over 
the wound area (W), Alcian Blue. 10X. 
Fig. 15. Photomicrograph of a section of 48 hr LACA-treated tissue 
showing the wound area (arrow) still open with only a thin 
layer of epidermal cells (E) covering the wound surface (S), 
Alcian Blue. 10X. 
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Fig. 16. Photomicrograph of a section of 72 hr control tissue showing 
dedifferentiation in the tissues (T) proximal to the wound 
area (arrow). 10X. 
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Fig. 17. Photomicrograph of a section of 72 hr LACA-treated tissue 
showing little tissue disruption. The wound area (arrow) is 
now closed with a thin layer of epidermal cells (E). 10X. 
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Fig. 18. Photomicrograph of a section of 5-day control tissue showing 
the aggregation of cells now called the blastema (B). The 
re-appearance of the basal lamina (L), in the regenerated 
portion of the tail is indicated by Alcian Blue staining. 10X 
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5-day LACA-treated tissue is definitely inhibited (Fig. 19) as compared 
to the control. Dedifferentiation has not occurred to any great degree. 
The thickness of the wound epithelium has increased, but not to the ex¬ 
tent of the control. The basal lamina is not evident, from the Alcian 
Blue stain. 
The beginning of redifferentiation has begun by day 7 in the con¬ 
trols (Fig. 20). The blastema has disappeared as a compact area of 
cells; cells are widely dispersed and are becoming recognized as distinct 
types. A most noticeable event is the extension of the notochord cells 
into the regenerated portion of the tail. The basal lamina is distinct, 
as indicated by staining with Mallory's triple. The experimental tissue 
has now begun to undergo dedifferentiation (Fig. 21). The intact struc¬ 
ture of muscle bundles is less distinct; there are only scattered fibers 
throughout the tail tip. There is however, some extension of the noto¬ 
chord into the regenerate. 
The first appearance of muscle fibers in the redifferentiated 
control tissue occurs about 9 days after amputation (Fig. 22). Organi¬ 
zation of the cells into other distinct structures has not occurred at 
the time. The epidermis is still thickened around the regenerating por¬ 
tion of the tail, and the difference in thickness between the apical 
region and the proximal region has diminished. A definitive basal lamina 
is still evident in portions of the regenerate larvae (Fig. 22). Experi¬ 
mental tissue from 9-day old LACA-treated larvae exhibits a greater degree 
of cell destruction (dedifferentiation). Cells are dispersed and can no 
longer be distinguished as discrete aggregates, such as notochord cells. 
The epidermal covering has thickened considerably (Fig. 23) to form an 
apical cap. The basal lamina is present but still not distinct. 
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Fig. 19. Photomicrograph of a section of 5-day LACA-treated tissue 




Fig. 20. Photomicrograph of a section of 7-day control tissue showing 
the beginning of redifferentiation. The cells (B) of the 
blastema are widely dispersed; the extension of the notochord 
cells (N) into the regenerated portion of the tail is evident, 
and the basal lamina (L) is distinct. 10X. 
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Fig. 21. Photomicrograph of a section of a 7-day LACA-treated tissue 
showing dedifferentiation. The intact structure of muscle 
bundles (M) is less distinct. 10X. 
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Fig. 22. Photomicrograph of a section of 9-day control tissue showing 
the first re-appearance of muscle fibers (M), a definitive 




Fig. 23. Photomicrograph of a section of 9-day LACA-treated tissue show¬ 
ing a greater degree of dedifferentiation. The epidermal cov¬ 




Cell proliferation continues at day 15 in the regenerating 
portion of the tail; however, in the case of the control, since the 
blastema had begun to undergo morphogenesis, the rate of cell prolifera¬ 
tion decreased. Looking at both the control tissue (Fig. 24) and the 
experimental (Fig. 25), the differences are not that great. The experi¬ 
mental has redifferentiated almost to the same extent or degree as that 
of the control. The re-organization of structures like the basal lamina, 
muscle bundles, notochord sheath, and the large vacuolated notochord 
cells are hardly distinguishable in the 2 groups. The extension of the 
notochord cells into the regenerate is greater, however, in the control 
(Fig. 24) than the experimental (Fig. 25). 
Silver Impregnation Data 
Tissue that had not been treated with LACA stained silver positive 
within 24 hr after amputation (Figs. 26, 27). The experimental tissue 
exhibits very little indication of silver uptake within 24 hr in the 
cells around the wound area (Figs. 28, 29). Seventy-two hours after 
amputation the intensity of silver staining in the experimental tissue 
(Fig. 31) is comparable to that of the control tissue (Fig. 30). The 
cells around the wound area in the LACA-treated tissue take 72 hr, in 
comparison to 24 hr for controls, to stain silver positive. The 5-day 
experimental tissue exhibits an even greater intensity of silver stain¬ 
ing in the wound area (Fig. 33) than the control (Fig. 32), following 
the same amount of time after amputation. The silver uptake in the basal 
epithelial cells in the control and experimental tissue was observed 
carefully. 
57 
Fig. 24. Photomicrograph of a section of 15-day control tissue showing 
the basal lamina (L), notochord cells (N) extending into the 
regenerated portion (arrow). 10X. 
Fig. 25. Photomicrograph of a section of 15-day LACA-treated tissue 
showing little difference between it and the control. The 
re-organization of structures like the basal lamina (L), noto¬ 
chord sheath (S) and large vaculolated notochord cells (N) are 
hardly distinguishable from the control. 10X. 
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Fig. 26. Photomicrograph of a section of 24 hr control tissue stained 
by the Direct Silver Method showing the uptake of silver in 
the epidermal cells of the wound surface (W). 10X. 
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Fig. 27. Photomicrograph of a higher magnification of 24 hr control 
tissue showing the uptake of silver in the epidermal cells 
(arrows) of the wound surface (W). 45X. 
62 
63 
Fig. 28. Photomicrograph of a section of 24 hr LACA-treated tissue stain 
ed by the Direct Silver Method showing very little silver up¬ 
take in the epidermal cells in the wound surface area (W). 10X 
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Fig. 29. Photomicrograph of a higher magnification of 24 hr LACA-treated 
tissue stained by the Direct Silver Method showing very little 
silver uptake in the epidermal cells (arrow) in the wound sur¬ 
face area (W). 45X. 
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Fig. 30. Photomicrograph of a section of 72 hr control tissue stained 
by the Direct Silver Method showing an increase in the intensi¬ 
ty of stain in the epidermal cells (E) covering the wound 
area (arrow). 10X. 
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Fig. 31. Photomicrograph of a section of 72 hr LACA-treated tissue 
stained with the Direct Silver Method showing an increase 
in the intensity of stain in the epidermal cells (E) cover¬ 
ing the wound area (arrow). 10X. 
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Fig. 32. Photomicrograph of a section of 5-day control tissue. The 
Direct Silver Method indicating the positive uptake of silver 
among the epidermal cells (E) in the regenerated portion 
(arrow) of the tail. 10X. 
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Fig. 33'. Photomicrograph of a section of 5-day LACA-treated tissue. 
The silver uptake in the epidermal cells (E) surrounding 




What is the role of collagen in regeneration? Weiss and Ferris 
(1956) suggested that collagen is capable of developing striking organi¬ 
zation external to the cells that produce it. After repair in amphibian 
larvae, uniform collagen fibers appeared at random between the epider¬ 
mal and the adjacent mesodermal cells. The investigators observed from 
the epidermal surface downward, a wave of re-organization among the cells, 
resulting in straightening, orientation and packing of cells into charac¬ 
teristic layers. It was concluded that this progressive organization 
of cells is closely associated with the basal surface of the epidermal 
epithelium. Gross (1956) stated that it is conceivable that structures 
and organelles such as cell membranes, endoplasmic reticulum, etc., are 
formed, dissolved and reformed by the spontaneous association of high 
polymer building blocks under the influence of physical chemical forces, 
the collagen system being a simplified example of such a process. 
The basal lamina is a collagen system. It is the interface that 
allows interaction between epithelial and mesenchymal tissue, leading to 
tissue differentiation and pattern elaboration (Kelly and Bluemink, 1974; 
Rubin and Saunders, 1972). Since regeneration occurs mainly as the re¬ 
sult of interaction between epithelial and mesenchymal tissue, and this 
is mediated by the basal lamina, then regeneration is a collagen requir¬ 
ing system (Ross and Benditt, 1965; Gri11o et al., 1967). 
The phenomenon of regeneration in vertebrate appendages is a 
complex one. Data presented in this investigation have shown that an 
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analog of proline, LACA, suppresses the rate and histological progress 
of tail regeneration in Rana cl ami tans larvae. Since proline is a 
requirement in collagen production (Miller and Matukas, 1974; Salpeter, 
1968; Weinstock and Leblond, 1974) and since LACA makes a faulty colla¬ 
gen molecule (Takeuchi and Prockop, 1969; Takeuchi et al., 1969; 
Uitto and Prockop, 1974), then the problem becomes one of the relation¬ 
ship between collagen and regeneration. 
LACA supresses the rate of regeneration. Gross observations of 
amphibian larvae exhibited a marked difference in the amount of regrowth 
in the controls versus the expérimentais. This difference was very 
evident on the 5th and lOth day after amputation. 
This was further substantiated by comparing measurements of re¬ 
growth between the control and LACA-treated larvae. The difference in 
the rate of regrowth in the controls as compared to the expérimentais 
was shown to be statistically significant. The lag in the rate of re¬ 
generation in the expérimentais was prominent from the 1st day after 
amputation up to the 15th day of regeneration. On the 15th day, the effect 
of LACA treatment on the expérimentais had about worn off and the rate 
of regeneration proceeded at a close to normal pace. 
The sequential events that occur during the process of regenera¬ 
tion were supressed in LACA-treated tissue. After wound closure, which 
took longer (72 hr) than normally observed in amphibians (48 hr; Thornton, 
1968). Dedifferentiation did not occur until the 7th day after amputa¬ 
tion in the LACA-treated tissue in this investigation. A study by 
Mufti and Simpson (1972) demonstrated that dedifferentiation in the re¬ 
generating tail of the salamander, Desmoqnathus fuscus, occurred 3 days 
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following autotomy. The time required in the above investigation was 
the same observed in control tissue for this investigation. 
The formation of the basal lamina in LACA-treated tissue follow¬ 
ing dedifferentiation was hindered. Due to this delay, cell prolifera¬ 
tion was decreased. Cohen (1972) demonstrated that attachment to a 
physical substratum is a necessary factor for mitosis during tissue de¬ 
velopment. It has been found that this physical substratum is the basal 
lamina (Bernfield et al., 1973). If cell proliferation is decreased, 
then the formation of the blastema will also be delayed (Thornton, 1968). 
Blastema formation in LACA-treated tissue was delayed as much 
as four days as compared to its occurrence in 5 day tissue of the control. 
Hay (1962) demonstrated that blastema formation in the young larvae of 
Amblystoma punctatum appears at 5 days after amputation. The basal lami¬ 
na was also shown to be present during this phase of regeneration. Again 
the results mentioned by Hay are consistent with the observations from 
control tissue in this investigation. 
Redifferentiation will not occur until the formation of the blas¬ 
tema is complete (Singer, 1973). Therefore, redifferentiation in LACA- 
treated tissue did not progress at the normal rate. Subsequently, all 
of the events in the process of regeneration were suppressed until the 
effects of LACA wore off and collagen metabolism was restored to normal. 
It has been discussed earlier that LÂCA, an analog of proline, is incor¬ 
porated into the precursor molecules of collagen, there by resulting in 
a faulty collagen molecule (Takeuchi et al., 1969) which has been shown 
to be retained intracelluarly and not etruded into the extracellular 
matrix (Dancewicz and Altman, 1967). 
On the 15th day after amputation, regeneration has been restored 
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almost to normal in the LACA-treated tissue. Comparing the control tis¬ 
sue with the experimental, one can hardly tell the difference. A 
noticeable event in the LACA-treated tissue is the development of the 
basal lamina that extends the entire length of the regenerated tail. 
The appearance and more importantly the re-appearance of the 
basal lamina, is very important during the sequential steps of regenera¬ 
tion. The basal lamina is required for the: (1) attachment of cells 
during development; (2) it is necessary for mitosis during tissue de¬ 
velopment; (3) it is necessary for re-organization among cells, and 
(4) it is responsible for orientation and packing of cells into charac¬ 
teristic layers. 
Histological studies using the Silver Impregnation Method was 
another indication of the Golgi apparatus and collagen. Cooper and 
Prockop (1968) reported that collagen is synthesized on ribosomes of 
the endoplasmic reticulum and passed through the cisternae of the reti¬ 
culum to Golgi vacuoles before extrusion. Weinstock and Leblond, (1974) 
have confirmed this report. Aydelotte and Kochhar (1972) and Uitto and 
Prockop (1974) have demonstrated that LACA, an analog of proline, com¬ 
petes with proline for incorporation into collagen (Takeuchi and Prockop, 
1969; Takeuchi et al., 1969) and stops excretion of this protein 
(Rosenbloom and Prockop, 1970). Coulombre and Coulombre (1972) have 
discussed the role of Golgi as related to the effects of LACA. They 
observed that 15 min after injection of LACA into chick embryos, the 
Golgi apparatus, located in the basal cytoplasm of the basal epithelial 
cells, became silver negative. At 16 hr after LACA injection the Golgi 
apparatus became silver positive. New collagen layers began to appear 
beneath the epithelium between 18 and 24 hr after injection. 
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The results from this investigation indicated that within 24 hr 
after application of LACA, the experimental tissue stained silver nega¬ 
tive, indicative of the inhibition of the excretion of collagen. However, 
the control tissue stained silver positive after 24 hr. The LACA-treated 
tissue did not stain silver positive until 72 hr after treatment and 
the intensity of the stain was comparable to that of the control tissue 
of 72 hr. Five days after application of LACA the silver uptake of the 
experimental tissue in the cells found in the wound area (basal epithe¬ 
lium) was the same as that of the wound area cells of the control tis¬ 
sue. Since it has been discussed that the Golgi apparatus is located 
in the basal epithelial cells (Coulombre and Coulombre, 1972) and the 
Golgi apparatus is involved in the packing and extrusion of collagen 
(Cooper and Prockop, 1968), then the Silver Method is another indication 
of the presence of collagen. 
Data reported in this current investigation indicate that along 
with a decrease in the normal rate of regeneration, there is inhibition 
in the formation of the basal lamina. LACA has been shown to inhibit 
collagen synthesis (Steward et al., 1958; Fowden, 1956; Fowden, 1963; 
Fowden and Richmond, 1963). LACA slows the rate of regeneration. It 
may do so by inhibiting collagen synthesis and subsequent release in the 
formation of the basal lamina. 
CHAPTER VI 
SUMMARY AND CONCLUSIONS 
1. The tail tip (1 cm) was amputated from all amphibian tadpole 
(Rana cl ami tans) larvae. 
2. The amputated area of the experimental tadpoles was swabbed with a 
0.5% solution of L-azetidine-2-carboxylic acid (LACA), five times 
during a 60 min period. The untreated control tail tips were 
allowed to regenerate normally. 
3. Gross observations indicated that LACA suppresses the rate of re¬ 
generation in the experimental larvae in comparison to the control. 
4. Histological examinations of control and experimental tissue indi¬ 
cated that LACA suppresses the progress of regeneration. Wound 
healing and the formation of the blastema were delayed; subsequent¬ 
ly all events thereafter in the process of regeneration were sup¬ 
pressed. 
5. Histological examinations of control and experimental tissue indi¬ 
cated that LACA inhibits the reformation of the basal lamina. 
6. Sections treated by the Direct Silver Method for specific demonstra¬ 
tion of Golgi apparatus, stained silver positive 72 hr after ampu¬ 
tation in the LACA-treated tissue in comparison to only 24 hr in the 
control tissue. This would indicate a decrease in the amount of 
activity in the Golgi areas. 
7. These studies demonstrated that LACA impedes the rate and progress 
of regeneration. The mechanism by which this occurs may be the 
inhibition of synthesis and release of collagen in the formation of 
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the basal lamina. 
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